Abstract-Radiation characteristics of a microstrip patch over an electromagnetic bandgap (EBG) substrate are investigated in this paper. This paper focuses on a mushroom-type EBG structure, although the design is applicable to various EBG profiles. The patch antenna is modeled as a half-wavelength resonator of an EBG-loaded microstrip transmission line. Through a full-wave eigenmode analysis of a microstrip line on an EBG structure, it is found that the resonant patch will not see a high-impedance surface (HIS), but rather it is coupled to the EBG structure as an open cavity resonator. Due to strong near-field coupling, the propagation characteristics including the bandgap zones are very different with or without the patch cover. The use of an EBG structure as a bulk material for antennas is seen inappropriate. The EBG surface is found to have the effect of reducing the patch resonant length and bandwidth. A prototype of a microstrip line proximity fed to a patch antenna is fabricated and tested to verify the analysis.
I. INTRODUCTION

W
ITH the rapid growth of wireless markets [mobile communication, wireless local area network (WLAN) networking, global positioning system (GPS) services, and radio-frequency identification (RFID) applications], radio-frequency (RF) engineers are facing continuing challenges of small-volume, wide-bandwidth, power efficient, and low-cost system designs. A low-profile, small-size antenna integrated into RF front ends with sufficient bandwidth is essential in wireless systems. Several techniques have been employed to achieve this objective: cutting slots on radiation patch, inserting shorting pins, and meandering electric current paths on the radiation patch [1] . Metamaterials, including electromagnetic bandgap (EBG) structures [2] , [3] , double negative (DNG) materials [4] , [5] , and left-handed materials (LHM) [6] - [8] , have been well investigated lately. Their novel electromagnetic characteristics have found useful applications in antennas and microwave circuits. EBG printed circuit structures are thin composite dielectric layers with periodic metallic patterns (usually backed by a metal ground plane), and have one or multiple frequency bandgaps in which no substrate mode can exist. This unique property has been applied to design antenna systems with a better gain and efficiency, lower sidelobes and backlobe levels, and better isolations among array elements, by suppressing surface wave mode [9] - [11] . An EBG surface is found equivalent to a perfect magnetic conductor for an incident plane wave in a certain frequency bands in which the phase of the reflection coefficient is close to 0 . This equivalent artificial magnetic conductor (AMC) was discussed extensively in the literatures, for example, in [12] - [14] . The AMC properties with potential applications in low-profile dipole/monopole antenna were discussed [15] - [17] . The EBG substrate has been applied to alleviate some drawbacks of conventional microstrip antennas. Mushroom-like EBG, uniplanar photonic bandgap (PBG), or other metamaterial textures are used to reduce the antenna size [18] - [22] . Microstrip antennas over metamaterial substrates are found to have a larger bandwidth [23] , [24] .
In this paper, radiation characteristics including return loss, gain, and radiation pattern of a rectangular patch antenna over an EBG substrate are investigated. The aim is to characterize the patch antenna properties in the presence of the EBG surface. Although the simulation of the entire antenna structure is readily available with commercial full-wave solvers, this paper focuses on the design based on the dispersion diagram of a metal-strip transmission line above the EBG surface. An accurate modal analysis of an EBG-loaded microstrip line using the Ansoft high-frequency structure simulator (HFSS, Ansoft, Pittsburgh, PA) is applied to determine the patch resonant length and study the characteristics of the patch radiation mode. The modal analysis can be simplified with a good accuracy to a parallel-plate modal analysis when the patch is sufficiently wide. Subsequently, the resonant frequency of the patch antenna on top of an EBG surface is determined using 3-D full-wave simulations (Zeland IE3D, Zeland Software, Inc., Fremont, CA). This resonant frequency is compared against the frequency from the modal analysis to confirm the validity of both simulations. In particular, mushroom-like EBG textures are investigated. The EBG substrate effects to a patch antenna on top are studied parametrically. The first transmission line bandgap which determines the upper frequency limit of the antenna mode is also characterized. A prototype of a patch antenna on top of an EBG substrate fed by an electromagnetically coupled microstrip line is fabricated and tested. The measured results show good agreement with theoretical prediction.
II. MODAL ANALYSIS OF AN EBG-LOADED MICROSTRIP LINE
A rectangular microstrip patch antenna is often treated as a half-wavelength open-circuit resonator. Therefore, a modal analysis of a microstrip line could provide the necessary design information. The example under investigation is the mushroom EBG structure consisting of planar arrays of rectangular patches, each with a shorting pin. Assuming wave propagation along the principal direction, the modal analysis using HFSS (Ansoft finite element solver) is an eigenvalue problem with the 0018-926X/$25.00 © 2007 IEEE geometry of a section of a microstrip line on top of a mushroom EBG structure, as shown in Fig. 1 . This modal analysis for the propagation constant and field distributions provides useful physical insights of the patch and EBG coupling and the patch resonant mode.
In HFSS simulation setup, as shown in Fig. 1(c) , perfectmatching-layers (PML) boundaries are placed a quarter wavelength away from the substrate sidewalls (in parallel) and also a wavelength above the microstrip line, to mimic the structure of a microstrip on top of an EBG surface. The geometry is periodic in the propagation direction except a phase change and periodic boundaries are placed in the front and back of the simulation box. Assigning a certain phase difference along the propagation direction, the eigenvalues are the allowable frequencies . The dispersion diagram can be obtained by varying from 0 to 180 .
is the phase change along a unit-cell (UC) microstrip length and is equal to the propagation constant times the UC length. The dispersion diagrams reveal the passbands and the stopbands of the guided waves. Since this approach considers all the EBG substrate microstrip line transverse structure, it is also defined as the full cross-section eigenmode (FCS-EM) modal analysis.
An example of the dispersion diagram of a patch cover EBG structure is shown in Fig. 2 . The propagation is along a main axis of the EBG patch. The UC is 7 mm 7 mm and the patch is 4.5 mm 4.5 mm. The vias at the patch center have a radius of 0.2 mm. The substrate height is 1.5748 mm (62 mil) filled with FR4 material ( and loss tangent 0.01 according to manufacturer data). The EBG patch arrays are in the middle of the cavity. The circle lines in Fig. 2 are the FCS modal analysis of an EBG-loaded microstrip line and the solid line is the TEM mode of parallel plates (removing the mushroom). The transmission line width is 31.6 mm. As a note, when the patch cover is removed, the equivalent AMC spectrum ranges from 12.95 to 16.47 GHz, below which the guided-wave is in the stopband zone (high-pass characteristics). Without a patch cover, the bandgap is due to mode suppression (TM substrate mode). In contrast, the bandgap of the mushroom-like EBG structure with top PEC patch is due to Brag diffraction and the structure has low-pass characteristics. The patch antenna should operate in the slow-wave propagation region below the bandgap (below 4.41 GHz shown in Fig. 2 ), where it is found that the field is vertically polarized both above and below the EBG surface similar to a normal microstrip patch mode. Furthermore, at a given resonant frequency, found from Fig. 2 will determine the patch length (about a half wavelength). It is observed from Fig. 2 that the guided wavelength (about half patch antenna length) could be much reduced in an EBG structure. This observation can be explained though a transmission line theory. The EBG structure enhances the slow-wave factor (larger ) by capacitive loadings from the EBG conductive plate edge and inductive loadings from the shorting vias to the transmission line. Furthermore, the lower and upper bounds of the bandgap frequency are also determined by the equivalent capacitance and inductance per UC introduced by the EBG structure. Another interesting observation from Fig. 2 is that the top metal cover and the EBG structure underneath are coupled together as one guided-wave structure. The equivalent AMC will not be seen by the top metal plate (a patch antenna). Hence, it theoretically explains why the AMC effects cannot be found in the patch antenna design in [25] .
A parallel-plate waveguide cavity model is often used in a rectangular microstrip patch antenna design, particularly for a large patch on an electrically thin substrate. Similarly, a cavity model is found useful here in the design of a patch antenna above an EBG surface if the electric fields are mostly in vertical direction confined inside the patch. As a first-order approximation, the antenna structure is treated as a rectangular section (with both planar directions open-circuited) of a parallel-plate structure with embedded EBG structures. Therefore, a modal analysis could be applied to a thin infinitely large parallel-plate waveguide with an EBG UC sandwiched in between. In this modal analysis, a UC is surrounded by four periodic boundaries as shown in Fig. 1(d) . Hence it is also defined as unit-cell eigenmode (UC-EM) modal analysis. The results based on a UC-EM analysis are also shown in Fig. 2 . It is seen that the agreement between FCS-EM and a UC-EM modal analysis is very good. This observation confirms the cavity nature of the antenna EBG structure. 
III. MODEL VALIDATION
The validity of the modal approach for the design of a patch antenna with an EBG surface underneath is further investigated through a full-wave 3-D numerical simulation of an EBG loaded patch antenna. The EBG parameters used are: UC 10 mm 10 mm, EBG patch 8.5 mm 8.5 mm, vias radius 0.2 mm, substrate thickness 1.5748 mm (EBG surface in the middle), and all dielectric layers are FR-4 materials.
Conventional rectangular microstrip patch antennas operate at the fundamental TM mode. As was discussed in Section II, this also seems to be the case for a patch antenna over an EBG substrate, except with a reduced wavelength as observed in the dispersion diagram. In this section, the resonant frequency of a rectangular patch antenna on top of an EBG (mushroom) structure is investigated through the use of the Zeland IE3D full-wave solver (moment method code). An open-circuit microstrip line at the EBG surface is proximity-coupled to the radiating patch. Resonant frequencies for a set of square radiation patch lengths (10, 20, 30, 40, 50 , and 60 mm) are found from the return loss dip under a frequency sweep.
Since the fundamental patch resonant frequency depends mostly on the propagation wavelength of the substrate, the corresponding linear dimension of patch antenna is close to half-wavelength. Both the UC and FCS-EM analyses are used to produce the antenna resonant length based on a half-wavelength approximation. The results are shown in Fig. 3 . The FCS-EM analysis is found in very good agreement with the 3-D antenna simulation. It confirms the validity of the half-wavelength transmission line approach and the accuracy of the modal analysis. A discrepancy is observed for the UC-EM analysis when the patch width becomes narrow compared to an EBG UC length.
As an example, for a patch size of 10 mm 10 mm, both full-wave 3-D simulation and FCS-EM modal analysis show that the patch resonant frequency is about 2.92 GHz (way into the parallel-plate bandgap zone), while the UC model shows that the EBG patch antenna frequency is 2.41 GHz (for a wavelength of 20 mm). This discrepancy implies that the UC parallel-plate cavity (UC-EM) model is no longer appropriate in this case since fringe fields at the EBG patch antenna edge become dominant and are not confined below the radiation patch with vertical polarization. Therefore, the inaccuracy of the cavity mode becomes noticeable when the patch antenna size is close to or even smaller than the mushroom patch size. In this case, the antenna resonant frequency is mostly determined by the local EBG profile similar to the case of a strip dipole.
Since there is no suitable wavelength within the bandgap zone, the EBG patch antenna is not an effective radiator at its bandgap region and the AMC property of EBG substrate corresponding to the EBG resonance is not useful for antenna radiation, as a result of strong mutual coupling between radiation patch element and EBG texture.
The resonant frequencies of a square patch antenna with or without EBG surface underneath are obtained using a full 3-D simulator (Zeland IE3D) and are shown in Table I . It is seen that an EBG patch antenna has a lower resonant frequency as compared to a patch antenna without EBG insert. Also, the difference of the two in resonant frequency increases as the size of the patch antenna becomes smaller. Furthermore, the resonant frequency of a normal patch is 35% higher than that of an EBG patch when their patch size is 60 mm 60 mm. However, when the radiation patch size decreases to 10 mm 10 mm, it is a few times higher. It indicates that the slow-wave effect becomes stronger when EBG patch antenna approaches its inherent bandgap, which is also shown in the UC eigenanalysis in Fig. 3 . Table I also suggests that at a chosen operating frequency, the patch size can be much smaller with an EBG surface as was reported previously [20] , [21] .
The results in Fig. 3 suggest that the increase in patch width will decrease the transmission line wavelength and the patch length, which is true even for a normal microstrip patch without EBG surface. An example of wavelength versus frequency within the first passband is shown in Fig. 4 for various microstrip line widths. The simulation is based on the FCS-EM modal analysis. For comparison, the results from a UC-EM modal analysis (infinite large line width) are also shown. The FCS-EM modal analysis agrees better with the UC eigenanalysis for a wide strip. For a narrower strip, as mentioned before, the fringe fields at the strip edge are more significant and the FCS-EM modal provides a more accurate dispersion curves than the UC-EM model. It is noted that the results change very little when the strip width increases from 20 to 60 mm. The results confirm that when the strip is sufficiently wide (as the case of a patch), its width and the location of the strip relative to the EBG surface profiles are insignificant to the phase constant (patch antenna length) and the UC-EM cavity model works well even with an EBG surface insertion. It is observed from Fig. 4 that the FCS-EM modal analysis can also be used to design a half-wavelength thin dipole antenna above an EBG surface.
IV. PARAMETRIC ANALYSIS OF DIFFERENT TYPES OF EBG BACK PATCH ANTENNA
The EBG patch antenna characteristics are determined by both the EBG parameters and the radiation patch dimensions. Only the mushroom EBG structure is presented here. Uniplanar compact photonic bandgap (UC-PBG) structure [3] had been proposed for microwave applications [26] , [27] . The main advantage is that its pattern requires no additional vertical vias and could be useful for certain applications. However, for patch antenna applications, through some parametric studies, different shapes of EBG patterns including UC-PBG or hexagon shape seem to have no particular radiation performance advantage over the rectangular mushroom structure.
As shown in Section III, the dispersion diagram of the EBG structure with a metal plate cover reveals the radiation mode mechanism of the EBG patch antenna, and successfully predicts the antenna resonant frequency. Parametric analysis of the EBG surface effects on the transmission-line wavelength is presented in this section. The results provide an engineering guideline for designing, tuning, and optimizing microstrip antenna radiation over general EBG substrates and also help to understand EBG surface effects to planar radiation elements.
The electromagnetic bandgap and slow-wave factor of the first propagation mode are determined by the EBG patch dimension , the spacing between EBG patches , EBG substrate thickness , the distance between the radiation patch and EBG surface , and the substrate materials. Once these parameters are determined, the antenna resonant frequency can be found from the dispersion diagram with good accuracy.
The dispersion diagram for different mushroom-like EBG UC sizes are shown in Fig. 5 . The ratio of the EBG patch to the UC is kept at 0.9 (81% filling). Roger-5880 substrate ( and ) is assumed, but the observation should be general enough for other types of materials. The substrate thickness is 1.5748 mm (62 mil) with EBG patch in the middle. It is found that by scaling down the EBG UC dimension, the bandgap width increases and shifts higher, which can be explained by the theory of a capacitor-loaded periodic transmission line [28] . The fundamental mode that is closely related to the radiation mode is insensitive to the EBG UC except near the bandgap zone.
The dispersion diagrams for different EBG patch sizes (same UC size ) are shown in Fig. 6 . It is seen that the EBG patch size has an insignificant effect on the mode characteristics. For a smaller EBG patch, the coupling capacitance reduces and the slow-wave factor is smaller (larger wavelength).
The comparison of dispersion curves for several different top dielectric layer heights is shown in Fig. 7 . It is observed that a smaller top layer thickness corresponds to a larger bandgap and a larger slow-wave factor. It is seen that when the height is large enough, the dispersion curves merge to that of the parallelplate TEM mode, implying that the EBG effect is diminishing. As a result, in this case, the EBG surface tends to act as perfect electric conductor rather than a magnetic conductor.
V. PROTOTYPE OF A PATCH ANTENNA ABOVE AN EBG SURFACE
A prototype of linear-polarized microstrip antenna on a mushroom-like EBG substrate is fabricated and tested. Antenna return loss and radiation pattern are investigated and compared to those of a conventional microstrip patch antenna.
The configuration of a microstrip antenna with an EBG substrate is depicted in Fig. 8 . The antenna structure includes two 0.7874-mm-thick (31 mil), 70-mm-long, and 85-mm-wide dielectric FR4-epoxy layers, with parameters and loss tangent 0.01. The EBG patch arrays with 6 8 mushroom-like UCs are in the middle of the cavity. The rectangle radiation patch is etched above the top FR4 substrate, with dimension 22.14 mm and 31.59 mm. The EBG UC size is 7 mm, EBG patch dimension is 4.5 mm 4.5 mm, and grounding vias radius 0.2 mm. Dispersion diagram obtained from the modal analysis is already shown in Fig. 2 . It predicts that the wavelength is about 42 mm ( 21 mm) at 2.5 GHz and serves as the initial design. All the EBG planar texture and vertical vias are designed and fabricated in the bottom FR4 substrate. In addition, a 50 open-circuited microstrip line (1.2 mm in width) is also printed on the same surface as the EBG patches, and proximity-coupled to the upper radiation patch. Two dielectric substrate layers are finally laminated together by multilayer PCB technique to form a low-profile planar antenna. The 3-D full-wave IE3D simulation is used to fine-tune the patch length.
The simulated and measured results of the return loss are given in Fig. 9 . A conventional microstrip antenna with the same size radiation patch is also designed and tested as a reference. The simulation predicts the resonant frequency at 3 GHz, while the measurement shows the resonance at 3.18 GHz, for a normal patch antenna. In contrast, the resonant frequency of an EBG patch antenna is predicted at 2.48 GHz by 3-D full-wave IE3D simulations (with 2 2.14 mm) and at 2.52 GHz by measurement. Both the simulation and measurement results show that after introducing EBG patterns in the bottom dielectric substrate, the resonant frequency of patch antenna and the bandwidth both decrease. The discrepancies between simulations and measurements are basically due to the tolerance of PCB fabrication. The decrease in resonant frequency for an EBG antenna is due to the capacitive and inductive loadings of the EBG profiles under the patch. The decrease in bandwidth is probably due to fact that the ground backing of the patch antenna is effectively moved up to the EBG surface and reduces the effective substrate thickness, and the patch antenna bandwidth is roughly proportional to the substrate thickness.
The radiation patterns of an EBG patch antenna are measured in an anechoic chamber room at 2.5 GHz. Both simulated and measured -and -plane patterns are shown in Figs. 10 and 11 , respectively. The main beam direction at the first resonant frequency 2.5 GHz is in broadside direction normal to antenna surface, and the corresponding antenna gain is about 3.75 dBi. The backward radiation of EBG patch antenna is at around 15 dBi, which is at about the same level of a conventional patch antenna. In general, comparison between simulation and measurement shows very good agreement. The radiation patterns for an EBG patch are similar to those of a normal microstrip patch antenna at its fundamental mode.
The effects of the EBG UC on the radiation characteristics of a patch antenna are investigated though IE3D full-wave simulation. Several cases of EBG loadings are used to investigate their effects on a proximity-coupled microstrip patch antenna. The results are shown in Table II . Note that EBG UC size is noted as " " and the EBG patch length is "
." The last row in Table II corresponds to the case in Figs. 9-11. For each case, the feeding line inset length is readjusted slightly to obtain best matching. The resonant frequencies are basically determined by antenna and EBG structures, and invariant with feeding offsets.
The results show that the main beam (broadside), gain, directivity, and radiation efficiency are at about the same level as a conventional patch antenna but with a smaller bandwidth. The results also show that with the increase of the EBG UC size (higher metal density), the resonant frequency decreases, as predicted by the slow-wave factor increase in modal analysis shown in Section IV, and therefore, the antenna resonant frequency will decrease. As mentioned in Section IV, the EBG surface can be treated as capacitive/inductive loadings to a microstrip line above. The increase in capacitance reduces the wavelength and increases the patch resonant frequency. A 23.3% frequency reduction is observed with 7 mm and 1.5 mm compared to the unloaded case. In such a case, the patch antenna length is reduced to from close to . The EBG patch adjacent spacing is also varied to verify the frequency shift properties described in Section IV. By comparing the three cases, 2.5, 2, and 1.5 mm with 7 mm fixed, the resonant frequency varied from 2.5 to 2.3 GHz. Since the EBG capacitance also increases while adjacent patch spacing reduces, the size reduction is expected. The bandwidth reduction seen in Table II is due to the fact that the effective ground plane moves closer to the patch antenna and the factor increases.
VI. CONCLUSION
A microstrip patch antenna over an EBG substrate was investigated in this paper. The radiation characteristics of the antenna fundamental mode were found similar to the fundamental TM mode of a conventional microstrip patch antenna. Modal analyses for a microstrip line above an EBG surface were developed to predict the antenna fundamental resonance and provide useful physical insights of the coupling effect between the EBG surface and the radiation element. The EBG effects were analyzed parametrically. The results show that for a mushroom-like EBG substrate, the bandgap spectrum will change from highpass to low-pass, when a metal plate is added on top, and the EBG surface tends to behave like a periodically loaded capacitor/inductor in the first passband. It was also found that for an EBG patch antenna operated at the fundamental mode, the patch size is significantly smaller than the size of a normal microstrip patch. This property could be useful for antenna miniaturization.
Furthermore, the AMC is not found for a radiation patch over an EBG substrate due to the fact that strong near-field coupling between EBG substrate and top planar conducting patch alters bandgap and EBG resonant characteristics. Although not discussed here, the design method is also applicable to the strip dipole case. A prototype of a microstrip line proximity fed to a patch antenna was fabricated and tested to verify the analysis.
